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Abstract
We consider scenario of merger of two stellar mass black holes surrounded by an accre-
tion disk. Due to emission of gravitational waves, the mass of the central object decreases
and accretion disk experiences perturbation. Calculations show that the main consequence
of this disturbance is formation of a shock wave propagating from the center of the disk
to its periphery. Light curve is computed and duration of the flash is estimated under
assumption that the flash terminates when the luminosity returns to the initial value.
It is shown that, if the total mass of the merging binary is 55M⊙ (like in the event
GW170814), the flash produced by the shock will increase bolometric luminosity of the
disk by 4— 6 orders of magnitude, up to 1045erg/s (absolute stellar magnitude −23.8m).
With account of the distance to the source (540 Mpc) and for reasonable assumptions on
the parameters of the accretion disk, it turns out that the apparent magnitude of the flash
at the maximum of the spectral flux density should be 12.8m— 14.2m, while duration of
the flash — few minutes.
The main part of the shock radiation flux is emitted in the X-ray and gamma-ray
ranges. In the spectral band of the EPIC instrument of the XMM-Newton observatory or
the telescope eROSITA of the Spectrum-RG observatory (0.3— 10 keV), luminosity will
increase by 3— 4 orders of magnitude (7.5m— 10m), up to 1044 erg/s, corresponding to the
apparent stellar magnitude about 17m. Luminosity is at maximum in the observational
band of the IBIS instrument of the INTEGRAL observatory (20 keV— 10 MeV) and will
be 1044— 1045 erg/s, corresponding to the apparent flux 10−4 photons per /cm2/s/keV at
the wavelength ∼ 100 keV. From the far UV to the longer wavelengths, the brightening
is virtually absent — at the wavelength 10 eV luminosity, approximately, doubles and
corresponds to the absolute magnitude −6m and visual one 32m.
1 Introduction
By the time of writing (July 2018), gravitational waves observatory LIGO detected 5 mergers
of stellar mass black holes. The mergers were accompanied by emission of 2.3%— 5.8% of the
rest energy of the original binary system as gravitational waves. The parameters of merging
objects are listed in Table 1 (masses of objects, fraction of lost mass, distance) [1–5].
In the studies of black holes (BH), it is often assumed that they are surrounded by accretion
disks. As the source of the disk matter can serve molecular cloud through which BH flies, the
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Object M1, M2 [M⊙] ∆M/(M1 +M2) [%] D [Mpc]
GW150914 [1] 36+5−4, 29
+4
−4 3.3— 5.2 410
+160
−180
GW151226 [2] 14.2+8.3−3.7, 7.5
+2.3
−2.3 2.9— 5.5 440
+180
−190
GW170104 [3] 31.2+8.4−6.0, 19.4
+8.3
−5.9 2.3— 5.7 880
+450
−390
GW170608 [4] 12+7−2, 7
+2
−2 2.8— 5.1 340
+140
−140
GW170814 [5] 30.5+5.7−3.0, 25.3
+2.8
−4.2 4.0— 5.8 540
+130
−210
Table 1. The parameters of merging binary BHs according to the data of gravitational waves
observations. In the columns are listed the names of sources, masses of components, relative
variation of the mass of the source, distance to the source.
wind from neighboring astrophysical objects, the remnants of a star destroyed by a tide, etc.
Existence of an accretion disk around a binary BH is quite possible too. Obviously, such a
disk could not form when the stars were on the main-sequence or were giants — BH precursors,
since the strong stellar wind and supernovae explosions would destroy the disk. Formation of
an accretion disk at the binary BH stage seems to be possible, if the lifetime of the system
before merger was large enough; in this case, the same mechanisms that result in formation
of a disk around a single BH can be efficient. The lifetime of a binary BH to the confluence
can be estimated as the characteristic time of loss of the angular momentum by a close binary
system with circular orbits [6]:
τGWR ≈ 10
8
(
a
R⊙
)4 M3⊙
M1M2 (M1 +M2)
yr, (1)
where a is separation of components, M1 and M2 — masses of components. In order for a
binary BH with the parameters similar to GW170814 [5] (the latest detected event to date) to
merge in the Hubble time 13.7Gyr, it is necessary to have initial separation less than 48R⊙.
Thus, under any reasonable assumption about the initial distance between the components of
a binary BH, the system lifetime will be sufficient to form a circumbinary accretion disk.
The differences of the accretion disks around binary stars and disks around single stars are
smallish [7,8] and represent, mainly, a rather large internal radius of the disk, of about 1.5— 2
separations of system components. Soaring merger of a binary BH begins when the distance
between components is a ≈ 6 rg, where rg is the gravitational radius of the accretor, i.e. the
internal radius of the accretion disk rin is of the order of 10 rg. This allows to assume that
the disk around a stellar mass binary BH is standard (non-relativistic) and its features can be
described using the conventional α-disk model of Shakura-Sunyaev [9]. Using this model, we can
immediately estimate the luminosity of the original disk: under fairly conservative assumptions
about its parameters (the temperature of the inner part of the disk is of the order of 107K,
accretion rate does not exceed several hundredths of the critical value), luminosity in the soft
and medium X-ray ranges will be 1040±1 erg/s.
It was shown in many theoretical studies that the merger of a binary BH and the subsequent
gravitational-wave radiation directly affects accretion disk in several ways. First, mass loss by
the central compact object after merger leads to a violation of (quasi)-Keplerian equilibrium
in the disk and subsequent excitation of high amplitude waves [10]. Second, depending on
the ratio of the masses of the merging objects and orientation of their own angular momenta,
gravitational-wave radiation can be asymmetric. As a result, the matter of the disc gets a recoil
momentum that can lead to supersonic perturbations [11]. Third, the changes in the space-time
metric in gravitational waves can directly cause mechanical stresses in the disk that dissipate
in the viscous time scale [12]. All these phenomena lead to an electromagnetic response of the
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accretion disk: brightening, quasiperiodic variations of luminosity.
A large number of papers on this phenomenon concerned supermassive BHs in the nuclei
of merging galaxies (see, for instance, [13–16]). So, if a binary BH with a total mass of 106M⊙
loses 5% of its mass after the merger, luminosity of the accretion disk should increase by an
order of magnitude, to 1043 erg/ [15]. The effect of the recoil leads to a comparable increase
in luminosity, but its magnitude depends significantly on the poorly defined parameters of the
merging binary [17, 18].
As an example of a study of stellar mass BH we can mention the paper by de Mink et
al. [19], who obtained approximate estimates of the luminosity of perturbed disk as a function
of the parameters of the disk and the binary. Typical luminosity appeared to be . 1043 erg/s,
with a maximum in the X-ray range of electromagnetic spectrum.
The main aim of the paper is to investigate the response of the accretion disk around binary
BH to the decrease of BH mass after the merger. To study this effect, we developed a numerical
model model and performrd a series of simulations for disks with dominant gas pressure. The
analysis of validity of the model was carried out, the spectra of electromagnetic radiation were
calculated and the estimates of the duration of the flash were obtained. As it turned out, the
bulk of the energy of electromagnetic radiation is emitted in the X-ray and gamma-ray ranges,
where the luminosity reaches 1046 erg/s. Conditions for detection of the electromagnetic signal
by the observatories XMM-Newton and INTEGRAL were determined.
The paper is structured as follows. The next section describes the parameters of stationary
accretion disks used in this work. In the third section a model for numerical solution of an
unsteady problem is described. In the fourth section calculations of the spectrum of electro-
magnetic radiation are presented and the possibilities of observing of simulated systems are
considered. Conclusions are presented in the fifth section.
2 Formulation of the problem
One of the universal models of stationary disk accretion is the standard Shakura-Sunyaev α-
disk model [9]. This model describes a geometrically thin disc in which dissipation and angular
momentum transfer are provided by turbulent viscosity. Turbulence is characterized by a single
parameter α ≤ 1. The rate of dissipation of angular momentum affects both accretion rate and
the rate of energy release in the disk and, ultimately, determines density and temperature
distribution across the disk.
The structure of accretion disk in the standard Shakura-Sunyaev model depends on the
following parameters: dimensionless mass of the accretor m ≡M/M⊙, dimensionless accretion
rate m˙ ≡ M˙/M˙cr, efficiency of dissipation of angular momentum (turbulence parameter) α,
efficiency of the emission of gravitational energy (accretion efficiency) η, inner radius of the
accretion disk rin.
In the case of binary BH under consideration, before the merger the mass of the accretor
is equal to the total mass of the components of the system, M ≡ M1 +M2. Critical rate of
accretion is determined by the Eddington luminosity [9]:
M˙cr
M⊙/yr
= 3 · 10−8
0.06
η
m. (2)
In the case of a single non-rotating black hole the parameter η is approximately 0.06— 0.08
[20]. Account of rotation increases the efficiency of stationary accretion to ∼ 0.32 [21, 22]. In
the scenario of episodic accretion, efficiency can reach 0.43 [23]. However, the value of this
parameter, is not critical in this model, because a decisive role belongs to the dimensionless
rate of accretion m˙.
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Presumable inner radius of the disk was obtained by numerical simulation of accretion in a
particular binary BH [24]. It follows from these calculations that the inner radius of the disk
is, approximately, equal to the doubled separation of components. It is not difficult to show
that this estimate is also true for any binary BH. Indeed, gravitational radius of the accretor
can be written as
rg =
2GM
c2
or
rg
R⊙
= 4.2 · 10−6m . (3)
Binary BH begins to merge when the distance between its components is a ≈ 6 rg. Close to the
inner boundary of the accretion disk, gas flow is disturbed by the tidal force from the binary
BH side. Position of rin can be estimated from the condition of equality of tidal force and
gravitational force from a point source of the mass M :
2GM
r2in
a/2
rin
=
GM
r2in
. (4)
It follows from this expression that rin = 6 rg is providing the estimate of the lower bound of
the internal radius of the disk, since the gas-dynamic effects lead to an increase of rin. Below,
we will assume rin = 10 rg. This estimate agrees with the results of Artymowicz [25] for a
binary system with circular orbits of components and mass ratio of components close to 1. For
m = 55, we get rin = 1.6 · 10
8 cm.
Depending on the accretion rate m˙ (as well as on α and m, but to a lesser degree), one may
distinguish in the disk several zones in which either gas or radiation pressure prevails and which
differ in the mechanisms of absorption of radiation. In this paper, we restrict ourselves to the
consideration of disks in which the gas pressure prevails in the equilibrium state. According
to [9], these are the so-called “B” and “C” zones. A condition for the absence in the disk of a
region where the radiation pressure is significant (“A” zone) looks as1:
m˙ < m˙low ≡
7
170
1
(αm)1/8
. (5)
Dependence of m˙ on αm is rather weak. Thus, for m = 55 and 0.001 6 α 6 1 it is equal to
0.025 . m˙low . 0.059.
Characteristic temperature scale in the zones “B” and “C” is of the order of 106— 107K, while
the densities are of the order of 1 g/cm3. Shakura and Sunyaev derived radial profiles of the
bulk density of gas averaged over the thickness of the disk, as well as the surface temperature
(at the optical depth of the order of unity). The temperature in the inner layers of the disk
depends on the efficiency of heat transfer. Under conditions of “B”- and “C”-zones, absorption
of radiation is determined both by Thomson scattering and free-free transitions. Their cross-
sections are, respectively, σT = 0.40 cm
2/g and σff = 0.11N/T
7/2 cm2/g, where N is electron
number density. Optical thickness of the disk in the vertical direction can be estimated as
τ = (σT + σff) Σ & 10
5, while σT ≫ σff . Under conditions of large optical thickness, surface
temperature Ts (at the optical depth of the order of 1) and the temperature in the middle of
the disk, T , are related as [26]
T 4 ≈
3τ
8
T 4s . (6)
Thus, if the thermal energy is transferred by radiative thermal conductivity, T/Ts & 10.
If convection is responsible for the energy transfer in the vertical direction, temperature
difference may be estimated assuming that gas distribution is isentropic:
T
Ts
=
(
ρ
ρs
)γ−1
, (7)
1The factor in the r.h.s. of the expression (5) differs from the corresponding factor in the formula (2.18)
in [9]: first, in the original article rin = 3rg; second, we have ascertained this multiplier by numerical calculation.
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where ρ and ρs are bulk gas density in the middle and at the surface of the disk, respectively;
γ — adiabatic exponent. According to the estimates obtained in [9], ρ/ρs ≈ 2. Then, for
monatomic gas (γ = 5/3), one obtains T/Ts ≈ 1.6.
The timescale of radiative thermal conductivity is
trad ∼ τ
H
c
∼
τ
Ω
cs
c
, (8)
where τ — optical thickness of the disk (see above); H ∼ cs/Ω — semi-thickness of the disk; cs
— sound speed; Ω — Keplerian frequency. The timescale of convection may be estimated as
tconv ∼
H
αcs
∼
1
αΩ
. (9)
The ratio of timescales shows which process of energy transfer is more efficient:
trad
tconv
∼ ατ
cs
c
∼ 400α
(
T
107 К
)1/2
. (10)
It is seen that in zones “B” and “C” the energy is transferred more efficiently by convection.
Based on the estimates obtained above, we will deem below that the ratio of temperatures in
the middle of the disk and at its surface is
T
Ts
≡ 2 . (11)
Let set equilibrium profiles of the temperature and density as power functions of the radial
coordinate:
T = T∗
(
r
r∗
)−kt
, (12)
ρ = ρ∗
(
r
r∗
)−kd
, (13)
where r∗ = rin. Characteristic scales of temperature and density in these distributions depend
on the parameters of the α-model. For zone “B”, according to [9]
T∗ = 8.3 · 10
7(αm)−1/5m˙2/5 = 2.7 · 107К , kt = 9/10, (14)
ρ∗ = 0.76 (αm)
−7/10m˙2/5 = 0.33 g/cm3 , kd = 33/20. (15)
The temperature in this expression is assumed to be that inside the disk, but not at its surface.
The factor (11) is taken into account already. For zone “C”
T∗ = 2.9 · 10
7(αm)−1/5m˙3/10 = 1.3 · 107K , kt = 3/4, (16)
ρ∗ = 3.8 (αm)
−7/10m˙11/20 = 1.0 g/cm3, kd = 15/8. (17)
As it is seen, though the profiles in the zones “B” and “C” have different slopes, they are
normalized to the similar temperature values. In order not to complicate the model, it will be
implied below that the disk consists of the “B” zone alone.
The range of allowed values of T∗ and ρ∗ is rather wide and is limited by the condition (5)
only. If one assumes that α = 0.001 is the lowest realistic value of the turbulence parameter,
then, inserting m = 55 and m˙ = m˙low into (14) and (15), one obtains T∗ = 4.8 · 10
7K,
ρ∗ = 1.87 g/cm
3. These values of temperature and density should be regarded as the upper
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estimate of them. The lower estimate one obtains assuming α = 1, m˙ = 0.01. In this case,
T∗ = 5.9 · 10
6K, ρ∗ = 7.29 · 10
−3 g/cm3.
Distribution of the angular momentum along the disk is close to Keplerian. At this, contri-
bution of the gas pressure and radial component of the kinetic energy to the radial balance of
forces is small (of the order of the square of the ratio of the disk thickness to radial scale [27,28]).
However, one can not neglect the thermal structure of the disk, which determines intensity of
the shock wave and is important for evaluation of the response of the disk to the loss of mass
by accretor. On the contrary, radial velocity component seems to be not significant in this
process.
Let summarize formulation of the problem. There is an axisymmetric accretion disk in the
gravitational field of a point mass. Distribution of the thermodynamic quantities along the disk
corresponds to the zone “B” of the Shakura and Sunyaev model. Centrifugal force in the disk
completely balances gravity and gas pressure (radial velocity is equal to zero everywhere). At
the initial moment, accretor mass decreases by 5%. In this state the disk is not in equilibrium.
Further evolution of the disk state is calculated in the approximation of non-dissipative gas
dynamics. We are interested in the solution for the midplane of the disk, while the vertical
structure of the disk is neglected (justification for this will be presented in Conclusion). As
initial conditions we accept distributions of temperature and density (12) — (15).
In the next Section we will describe equations of the problem and present the procedure of
their numerical solution.
3 Numerical model
In the axisymmetric case, in the cylindrical coordinates, it is convenient to introduce the
mass Lagrange coordinate q instead of the radial coordinate r. The former satisfies relation
dq = r2ρ dr. As a result, the equations of gas dynamics describing the evolution of the accretion
disk after the merger of black holes can be written as:
d
dt
(
1
ρ
)
=
∂
∂q
(rvr) , (18)
dvr
dt
= −r
∂P
∂q
+
v2ϕ
r
− (1− ξ)
GM
r2
, (19)
dvϕ
dt
= −
vrvϕ
r
, (20)
dε
dt
= −P
∂
∂q
(rvr) , (21)
dr
dt
= vr. (22)
Here, ρ is density; vr — radial velocity; vϕ — azimuthal velocity; P — pressure; ε — specific
internal energy; M — total mass of binary black hole before the merger; ξ — the fraction of
black holes mass emitted by gravitational waves. Let note that instead of the equation (18)
one may use an equivalent equation
1
ρ
= r
∂r
∂q
. (23)
Additionally, from Eqs. (20) and (22) follows specific angular momentum l = rvϕ conservation
law
dl
dt
= 0 . (24)
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In the region of the disk in which one may neglect radiation pressure compared to the gas
pressure, equation of state is defined by relations
P = P (ρ, T ) = AρT, (25)
ε = ε(ρ, T ) =
AT
γ − 1
, (26)
where A = kB/m; kB — Boltzmann constant; m = 0.5mp — mean molecular mass; mp — proton
mass; γ = 5/3 — adiabatic exponent; mean molecular weight of the completely ionized plasma
is taken as 0.5.
Let set the initial temperature and density distributions T (r, 0) and ρ(r, 0) to be power
functions of radius, (12) and (13). From these definitions and equations of state (25), (26), it
is possible to obtain the corresponding distributions of pressure and specific internal energy:
P (r, 0) = ρ∗c
2
∗
(
r
r∗
)−kd−kt
, (27)
ε(r, 0) =
c2∗
γ − 1
(
r
r∗
)−kt
, (28)
where we use notation c2∗ = AT∗. Assuming that initial radial velocity is equal to zero, from
condition of the radial equilibrium in the disk
1
ρ
∂P
∂r
= −
GM
r2
+
l2
r3
(29)
it is possible to obtain
l2 = r2∗c
2
∗
[
µ2
(
r
r∗
)
− (kd + kt)
(
r
r∗
)2−kt]
(30)
or
vϕ = c∗
[
µ2
(
r
r∗
)−1
− (kd + kt)
(
r
r∗
)−kt]1/2
, (31)
where
µ =
(
GM
r∗c2∗
)1/2
≡ 165
(
T∗
107 К
)−1/2
. (32)
In its sense, parameter µ is equal to the Mach number at the radius r = r∗.
For the further estimates we will also need characteristic semi-thickness of the disk. Let
evaluate it as the vertical scale of the equilibrium disk:
H =
r
vφ
(AT )1/2 = r∗
[
µ2
(
r
r∗
)kt−3
− (kd + kt)
(
r
r∗
)−2]−1/2
. (33)
For construction of the computational algorithm, it is convenient to use dimensionless
variables. This is achieved by selection of the characteristic scales according to the scheme:
f → f0f , where f is some sort value and f0 is its dimensional scale. In order not to encumber
the expressions, the dimensionless variables will be denoted by the same symbols as the original
dimensional variables. As the scale dimensions, we choose the following values:
r0 = r∗ , ρ0 = ρ∗ , v0 = c∗ , t0 = r∗/c∗ , P0 = ρ∗c
2
∗ , ε0 = c
2
∗ , q0 = r
2
∗ρ∗ , (34)
7
µ T∗ [К] T/T (t = 0)
100 2.7 · 107 7.5
150 1.2 · 107 15.5
200 0.43 · 107 27
Table 2. Some characteristics of the disks. In the columns are listed Mach number, the
temperature in the central region of unperturbed disk, temperature discontinuity at the shock.
In the dimensionless variables, equation for radial velocity (19) and equations of state (25),
(26) will become:
dvr
dt
= −r
∂P
∂q
+
v2ϕ
r
−
(1− ξ)µ
r2
, (35)
P = ρT , ε =
T
γ − 1
. (36)
Remaining equations will not change their form after respective change of notation.
To solve these equations numerically, we used the implicit completely conservative Samarskii-
Popov difference scheme [29], some details of which are described in the Appendix. It should
be emphasized that in this scheme not only the difference analogs of the laws of conservation of
mass, momentum and energy are fulfilled, but additional relationships describing the balance
for certain types of energy are fulfilled too. In addition, in our case the difference analogue of
the law of conservation of the specific angular momentum (24) is fulfilled.
In the dimensionless formulation, the problem has only two parameters: ξ and µ. We set
the fraction of the lost mass using the estimate obtained from gravitational-wave observations
[5], ξ = 0.05. In the preceding Section, we have shown that for the realistic values of the
turbulence parameter α and the dimensionless accretion rate m˙, characteristic temperature T∗
is 5.9 · 106— 4.8 · 107K. This interval corresponds to the range of Mach numbers µ = 75— 215.
In numerical simulations, we set certain µ and from them, according to (32), obtained T∗, c∗,
and t∗.
We computed three numerical models: for µ = 100, 150, 200. These values of µ, as well as
the fraction of the lost mass ξ, correspond to the object GW170814 [5] — the latest, at the
time of writing, detected event of merger of a binary BH. The plots of dimensionless density,
temperature, radial and tangential velocities are shown in Figs. 1–4. All calculations revealed
qualitatively similar properties of the flow: one or two shock waves appear in the central region
of the disk, depending on µ. The shock propagates through the disc slowing down. The density
at the front of the shock wave jumps, changing three or more times, the temperature changes,
approximately, by a factor from 7.5 to 27, compared to the initial value (see Table 2). Radial
velocity oscillates with an amplitude of the order of the speed of sound and a larger one.
Tangential velocity varies little. Characteristics of the flow in the front of the shock remain
practically constant over computations time.
The flow of gas in the perturbed region of the disk is a combination of density, temperature,
and radial velocity waves of large amplitude. For µ = 200 and 150, one shock wave with a
precursor (a caustic in the density and temperature distribution) appears at the outer boundary
of the perturbed region. For µ = 100 the caustic turns into a shock wave. We also carried out
calculations for Mach numbers µ = 50 and µ = 10 (they are not shown in the Figures). It is
interesting that for small values of µ there is only one shock wave with a precursor in the disk.
It turned out that the position of the shock wave as a function of time does not depend on
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Fig. 1. Radial density distribution in the models with different Mach number µ. The moments
of time are chosen in such a way that the positions of the shock wave coincide in all cases.
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Fig. 2. Radial distribution of the temperature. Notation is the same as in Fig. 1.
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Fig. 3. Radial distribution of the radial velocity. Notation is the same as in Fig. 1.
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Fig. 4. Radial distribution of the tangential velocity. Notation is the same as in Fig. 1.
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Fig. 5. Position of the shock wave as a function of time. Approximate relation is shown by
gray dotted line.
the Mach number in the disk, µ and admits a simple approximation 2 (Fig. 5):
rD = 1.76 r∗t
2/3 . (37)
From this expression one may obtain velocity of the shock:
D =
drD
dt
= 1.2 r∗t
−1/3 = 1.59 r∗
(
rD
r∗
)−1/2
. (38)
4 The spectrum of electromagnetic radiation and light-
curves
Shock wave arising in the disk leads to the temperature increase by 7.5— 27 times, depending
on the Mach number (Fig. 2, Table 2). As a result, the gas in the inner region of the disk
warms up to the temperature of approximately 2 · 108K, which corresponds to the thermal
energy per particle of about 17.2 keV. Under conditions of a nonmagnetic accretion disk, the
spectrum of electromagnetic radiation in this energy band is determined by two processes [30]:
bremsstrahlung of electrons and Compton scattering. The latter can lead to an increase of
photon energy and distortion of the spectrum — a decrease of the intensity at the Planck
maximum frequencies and appearance of a “tail” in the high-energy region [31, 32]. However,
comptonization of the spectrum is effective only if the radiation travels through a transparent
layer [30, 32]. Let us estimate the optical thickness of the disk:
τν = (σT + σff,ν) Σ . (39)
Substituting expression for the absorption cross-sections, for instance, from [31], it can be
shown that in the central region of the disk (ρ ∼ 1 g/cm3, T ∼ 108K, H ∼ 106 cm), optical
2The discrepancy between the plots for µ = 100 and other ones is due to the fact that in the program code
the shock is searched for from the right (external) part of the computational domain. At the same time, for this
Mach number there are two shock waves in the flow (see Fig. 2) and the position of the internal shock coincides
with the position of the shock for µ = 150 and µ = 200.
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Fig. 6. Bolometric light curves in the models with different Mach numbers.
thickness in the entire spectrum is much larger than 1 and at the wavelengths shorter than
10 nm it is determined by Compton scattering. This is characteristic for the outer regions of
the disk too. Distortion of the spectrum in the optically thin layer close to the disk surface is
also unimportant, since the ratio of the geometric thickness of this layer and the thickness of
the disk (it can be estimated as τ−1ν ) is negligible at all frequencies. Thus, it can be assumed
that the radiation from the surface of the disk has a Planck spectrum3:
Bν =
2hν3
c2
1
ehν/kBTs − 1
, (40)
where Ts is surface temperature (see § 2 and relation (11)).
In Fig. 6 we show variation of disk bolometric luminosity with time, computed as
L(t) = 2pi
∫ ∞
r∗
dr r σSBT
4
s (t, r) . (41)
It is remarkable that different values of the parameter µ led, ultimately, to the same luminosity
of the disk, about 1045 erg/s. Analytically, luminosity can be estimated as L ∼ pir2∗σSBf
4T 4∗ ,
where f is the jump of temperature at the shock (see the third column of Table 2). Using the
estimate of the maximum luminosity and applying Eq. (32), we obtain
f = 27
( µ
200
)2
. (42)
Let recall that in this study we are based on the hydrodynamic model, without account of
radiative processes. In Figs. 2 and 6 it is seen that, after the jump at the shock gas temperature
practically does not change. This approximation is certainly not fair for long timescales, because
radiative cooling should lead to the cooling of the disk after the passage of the shock wave and
gradual setting to a new equilibrium state, in which the rate of de-excitation will be equal to
the rate of viscous heating. Let estimate the time of radiative cooling as the time of radiation
diffusion:
trad ∼ (σT + σff) Σ
H
c
, (43)
3Comptonization of electromagnetic radiation is effective in the zone “A” of the standard α-disk [9]. In the
disk model we use, zone “A” is absent, while in the zone “B” surface density is by 4— 5 orders of magnitude
larger than the estimate for the zone “A”.
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where σT = 0.40 cm
2/g and σff = 0.11N/T
7/2 cm2/g; N — electron number density; Σ = 2ρH .
For instance, in the vicinity of the inner disk radius ρ ∼ 1 g/cm3, T ∼ 108K, and H ∼ 106 cm.
This gives trad ≈ 31.6 s. A more general expression has the form (at such temperatures cross-
section σff does not contribute to the absorption)
trad =
2σTρ∗H
2
∗
c
(
r
r∗
)3−(kd+kt)
. (44)
Characteristic width of the hot region behind the shock may be estimated as
∆rD = Dtrad , (45)
where D is velocity of the shock wave (38). After insertion of rD instead of r into expressions
(44) and (45), it is seen, that the width of the hot region ∆rD weakly depends on time (as
t−0.075) and is
∆rD ≈ 42.4 r∗ . (46)
This means that the radiative cooling should not strongly change temperature distribution
presented in Fig. 2. The time of decrease of the temperature to its initial value we estimate as:
tcool = trad
T
T (t = 0)
. (47)
If the temperature behind the shock increases by factor 7.5— 27, the decline time of the light-
curve will be 4 to 14 min.
Spectral density of the emission flux from one side of the disk in the perpendicular direction
is
Fν = 2pi
2
∫ ∞
r∗
dr rBν [Ts(r)] . (48)
It is seen in Fig. 7 that the main fraction of the energy is emitted in X-ray and gamma-ranges.
For gamma-range it is convenient to use the estimate of the number of photons, emitted
per unit of time in the unit logarithmic frequency range (right scale in Fig. 7):∫ 10ν
ν
dν ′
Fν′
hν ′
= ln 10
∫ 10ν
ν
d(lg ν ′)
Fν′
h
∼ ln 10
Fν
h
. (49)
The outer y-axes show the flux through a 1 cm2 area under condition that the observed object
is at the distance of 540Mpc (the system GW170814 [5]). For this, the flux was corrected by
the factor
Ω =
1
(540Mpc)2
= 3.6 · 10−55 cm−2 . (50)
In a similar way one may compute approximately the energy, emitted per unit of time in
the unit logarithmic frequency range (Fig. 8):∫ 10ν
ν
dν ′ Fν′ ∼ ln 10 · νFν . (51)
This value may be considered as the estimate of luminosity in the one order of magnitude wide
frequency band.
Figures 7 and 8 show that the main fraction of energy is emitted in the intermediate and
hard X-ray (1— 100 keV) and gamma-rays (& 100 keV).
In the intermediate X-ray range, up to 10 keV, luminosity of the gas heated by the shock
wave is 1043— 1045 erg/s, exceeding by 2 to 4 orders of magnitude (depending on µ) luminosity
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Fig. 7. The spectrum of electromagnetic radiation. Inner ordinates show the scales of spectral
flux density (left axis) and the estimate of the photon flux per unit logarithmic frequency
interval (right axis). Outer y-axes correspond to the source distance of 540 Mpc. They show
the scales of spectral density of the flux through a unit area (axis to the left) and the scale of
the estimate of the photon flux through a unit area (axis to the right). In gray are shown the
spectra of unperturbed disks for the corresponding values of µ.
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Gray lines show the spectra of unperturbed disks for the corresponding values of µ.
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of the unperturbed disk, which, in turn, is comparable to the luminosity of X-ray pulsars
[20] and ultraluminous X-ray sources [33, 34]. After correction for the distance to GW170814
(540Mpc [5]), observed flux from the perturbed disk in this spectral range appears to be
& 10−9 erg/cm2/s, several orders of magnitude larger than the sensitivity threshold of the
EPIC instrument of the XMM-Newton observatory (5σ level for exposition 105 s) [35].
Radiation flux of 1045 erg/s and higher, at the frequencies 10— 300 keV, can provide “hot”
α-disks (∼ 109K) around stellar-mass BH [32,36] or an accreting supermassive BH. Observed
flux density in the hard X-ray range will be only one or two orders of magnitude lower than
that of the Crab nebula (1Crab = 2.4 · 10−8 erg/cm2/s).
In the gamma-range, radiation flux is many orders of magnitude larger than the flux from
the unperturbed disk and it is comparable to the flux from soft gamma-sources, & 1026 erg/s/Hz
[37]. At a wavelength of 100 keV, observed flux is 10−2 photons/cm2/s per unit of logarithmic
wavelength interval (dex), or 10−4 photons/cm2/s/keV. Let note that the limiting sensitivity of
the INTEGRAL instrument IBIS at this wavelength is 2.85 · 10−6 photons/cm2/s/keV (3σ-level
for the exposition 105 s) [38, 39].
In the EUV, 10— 102 eV, the brightening of the disk may exceed an order of magnitude or
2.5m and reach 3 · 1040— 3 · 1041 erg/s. In FUV, the brightening does not exceed factor 2. At
larger wavelength the brightening is practically absent. In the near-UV range the brightness
of the disk is by 4— 5 orders of magnitude lower than the brightness of a typical supernova
(1041 erg/s).
Luminosity estimates presented above are very approximate also because of uncertain dis-
tance to the binary system. The minimum and maximum estimates of the distance to GW170814
[5] differ by factor 2 (Table 1). To the variation of distance by a factor two corresponds the
change of the apparent brightness by a factor of four or the change of the visual magnitude by
1.5m.
5 Discussion and conclusion
In the numerical model described in § 3, we neglected vertical structure of the disk. Now,
using results of computations, we can check the validity of this approximation. After a fraction
ξ of BH mass is lost, the matter of the disk acquires an acceleration in the vertical direction
v˙z ∼ ξHΩ
2. Characteristic disk response time is
tz ∼
f 1/2cs
v˙z
∼ t∗
f 1/2
ξµ
(
r
r∗
)3/2
, (52)
where f is the temperature increase factor (see the previous section). We used here the defi-
nitions from § 3. The time tz should be compared to the propagation time of the shock wave,
tD ∼ r/D. Taking into account the estimates of f and D from § 4, we obtain
tz
tD
∼
40
ξµ
. (53)
As one can see, for ξ = 0.05 and µ ∼ 100 disk relaxation in the vertical direction does not
affect the propagation of the shock wave. It can be shown, however, that the time tz turns out
to be of the same order of magnitude as the time tcool. Therefore, computation of radiation at
larger times will require a more complete account of the vertical structure of the disk.
In the present study, we computed the response of the circumbinary accretion disk to the
decrease of the mass of a binary BH. The idea was that the merging black holes lose about
5% of the total mass-energy via radiation of gravitational waves. As a result, the matter of
the initially equilibrium quasi-Keplerian disk acquires an excess of momentum in the direction
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from the accretor. The impulse is caused by the disbalance of centrifugal force and reduced
gravitational force of accretor. This difference is larger in the inner part of the disk, leading to
the propagation of a strong perturbation over the disk.
We applied these considerations to the object GW170814 — a binary BH with a total mass
of about 55M⊙, located at the distance of 540Mpc. As a model of the circumbinary disk, the
standard model of Shakura and Sunyaev was taken. Gas pressure prevailed in the disk, for
this reason the initial temperature of the disk was assumed to be rather low, . 3 · 107K. We
found that out of the inner region of the accretion disk begins to spread a perturbation, which
rapidly becomes a shock wave. The temperature behind the shock jumps by a factor 7.5 to 27,
depending on the initial temperature of the disk.
Computation of the bolometric light curves showed that the luminosity of the disk increases
by 4— 6 orders of magnitude, up to 1045 erg/s, which corresponds to the absolute stellar mag-
nitude −23.8m. The maximum of the radiation flux is in the X-ray and gamma ranges. In
the spectral band of the EPIC instrument of the XMM-Newton observatory or the eROSITA
telescope of the Spectrum-RG observatory, luminosity increase, compared to the unperturbed
disk, is by 3— 4 orders of magnitude (7.5m— 10m in absolute magnitudes); this corresponds
to the apparent magnitude of 12m. In the observational band of the IBIS telescope of the
INTEGRAL observatory, luminosity is at maximum and corresponds to the apparent flux of
10−4 photons/cm2/s/keV at the wavelength ∼ 100 keV. In the FUV-range, and toward higher
wavelengths, the perturbation of the disk practically does not lead to its brightening: at a
wavelength of 10 eV, the luminosity increases approximately twice and corresponds to the ap-
parent stellar magnitude of 32m. The estimates of visible fluxes in the X-ray range exceed
the sensitivity threshold of the EPIC instrument by several orders of magnitude (up to four,
depending on the exposition). The flux in gamma range is about one and a half orders higher
than the sensitivity threshold of IBIS aboard INTEGRAL observatory.
For realistic parameters of the accretion disk, estimated time of the light curve decline is of
the order of several minutes. It is interesting that the bolometric luminosity does not depend on
the initial temperature of the disk, but is determined, apparently, by the mass of accretor and
the fraction of the mass lost. At this, the shape of the spectrum is sensitive to the temperature:
an increase in the initial temperature of the disk leads to the shift of the spectrum into the
short-wavelength region.
In the forthcoming papers we plan to investigate further the effect of mass loss by merging
black holes applying a more sophisticated model of accretion disks with account of radiation
pressure and gas cooling.
The authors acknowledge A.V. Tutukov, Ya.N. Pavlyuchenkov and O.Yu Malkov for helpful
comments.
Appendix. Difference scheme
Let define in the computational domain a difference mesh qi, i = 0, 1, . . . , N , with co-
ordinates of the nodes related to the Lagrange mass coordinate q. The step of the mesh
∆qi+1/2 = qi+1 − qi has been chosen in such a way that in the logarithmic scale the distances
between neighboring nodes is the same, i.e., ln(qi+1/qi) = const. Radial coordinate and velocity
at time instants tn will be referred to the mesh nodes: rni , v
n
r,i, v
n
ϕ,i. The thermodynamic quan-
tities will refer to the centers of the cells that are numbered by half-integral indices: ρni+1/2,
P ni+1/2, ε
n
i+1/2, T
n
i+1/2 [29]. To simplify further records, let use the following notation for the
operators of finite differences:
(∆tf)
n+1/2 =
fn+1 − fn
∆t
, (∆qf)i+1/2 =
fi+1 − fi
∆qi+1/2
, (∆qf)i =
fi+1/2 − fi−1/2
∆qi
, (54)
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where ∆qi = (∆qi+1/2 + ∆qi−1/2)/2. At this, if this will not arise misunderstanding, we will
skip the indices of operators.
Equations (23), (35), (22), (21), (36) may be approximated by the following difference
scheme:
1
ρn+1i+1/2
=
1
2
∆q(r
n+1)2 , (55)
∆tvr,i = −r
n+1/2
i ∆qΠ
n+σ +
(v
n+1/2
ϕ,i )
2
r
n+1/2
i
−
(1− ξ)µ2
rn+1i r
n
i
, (56)
∆tri = v
n+1/2
r,i , (57)
∆tεi+1/2 = −Π
n+σ
i+1/2∆q
(
rn+1/2vn+1/2r
)
, (58)
∆tvϕ,i = −
v
n+1/2
r,i v
n+1/2
ϕ,i
r
n+1/2
i
, (59)
P n+1i+1/2 = ρ
n+1
i+1/2 T
n+1
i+1/2 , (60)
εn+1i+1/2 =
T n+1i+1/2
γ − 1
, (61)
Πn+1i+1/2 = P
n+1
i+1/2 + ω
n+1
i+1/2 , (62)
ωn+1i+1/2 = Ω
(
ρn+1i+1/2 , r
n+1
i , r
n+1
i+1 , v
n+1
i , v
n+1
i+1
)
, (63)
(64)
with notation
Πn+σi+1/2 = σΠ
n+1
i+1/2 + (1− σ) Π
n
i+1/2 . (65)
The parameter σ characterizes the degree of implicitness of the scheme and varies from 0 to
1. This parameter determines the order of approximation over time. In the case of σ = 1/2
the scheme has the second order of approximation over ∆t and in the remaining cases it has
the first order. The value ω describes artificial viscosity which is necessary for a more accurate
description of solutions with shock waves and contact discontinuities. Explicit form of the
function Ω is determined by the specific model of artificial viscosity. In our calculations, we
used linear viscosity of the form
ω = −
ηρ
2
(
∂vr
∂r
−
∣∣∣∣∂vr∂r
∣∣∣∣
)
, (66)
where coefficient ηi+1/2 = η0∆qi+1/2. The value of η0 was set to three to five.
This scheme is completely conservative in the sense that it provides not only the balance of
the total energy, but of its individual types too (thermal, kinetic, rotational, and gravitational).
In addition, it is not difficult to show that in this scheme keeps the difference relation
∆t (rivϕ,i) = 0, (67)
which describes angular momentum conservation law. This means that there exists an equality
rni v
n
ϕ,i = r
0
i v
0
ϕ,i = li, (68)
where li is the mesh function for the specific angular momentum. Then it follows that
vnϕ,i =
li
rni
. (69)
The system of algebraic equations (55)–(63) is non-linear. For its solution a combination of
Newton and elimination methods was applied.
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